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Heavy-ion collisions at low beam energies explore the high density regime of strongly-interacting
matter. The dynamical evolution of these collisions can be successfully described by hadronic trans-
port approaches. In March 2019, the HADES collaboration has taken data for AgAg collisions at
EKin = 1.58A GeV and in this work, we provide predictions for particle production and spectra
within the Simulating Many Accelerated Strongly-interacting Hadrons (SMASH) approach. The
multiplicities and spectra of strange and non-strange particles follow the expected trends as a func-
tion of system size.
In particular, in AuAu collisions, much higher yields of double-strange baryons were observed
experimentally than expected from a thermal model. Therefore, we incorporate a previously sug-
gested mechanism to produce Ξ baryons via rare decays of high mass N∗ resonances and predict
the multiplicities. In addition, we predict the invariant mass spectrum for dilepton emission and
explore the most important sources of dileptons above 1 GeV, that are expected to indicate the
temperature of the medium. Interestingly, the overall dilepton emission is very similar to the one
in AuAu collisions at 1.23A GeV, a hint that the smaller system at a higher energy behaves very
similar to the larger system at lower beam energy.
I. INTRODUCTION
Studying the phase diagram of QCD, the fundamental
field theory of the strong interaction, is one of the ma-
jor goals of heavy-ion research. Heavy-ion collisions at
low beam energies as explored by the HADES collabora-
tion at GSI [1] allow to access the high density regime
at low temperatures [2]. Since it is not obvious that
the system reaches a state of (local) equilibrium, micro-
scopic hadronic transport approaches have been success-
fully employed to describe the dynamics of such collisions
[3–7]. Over the last 15 years, HADES has measured the
hadron and dilepton production over a large variety of
different collision systems (pp, pA and AA) at different
collision energies.
The yields and spectra of different hadron species are
the basic observables to study the properties of hot
and dense matter and the particle production mecha-
nisms. Strange hadrons are of special interest, since
their strangeness has to be newly produced during the
nuclear collision. The kinematic regime reached by the
SIS-18 accelerator is close to the production thresh-
old [8], since strange particles are in general heavier
than light hadrons. Therefore, secondary interactions
are required and strangeness production is enhanced in
nucleus-nucleus reactions compared to elementary reac-
tions [9, 10]. Complementary to the hadronic observables
is the measurement of dileptons. As an electromagnetic
probe dileptons escape the strongly-interacting medium
unperturbed and allow the study of the matter over the
whole lifetime of the reaction. The sensitivity to the vec-
tor meson spectral function is expected to reveal the on-
set of chiral symmetry in a hot and dense medium. In
addition, the extraction of the time-integrated tempera-
ture is in principle possible from the dilepton spectrum
[11].
Transport models are successfully employed to repro-
duce hadron and dilepton production [4–7], especially to
establish a baseline calculation based on vacuum reso-
nance properties. Another approach is the so-called ther-
mal model, which is based on a (grand)-canonical fit to
experimental measurements of particle yields as for ex-
ample realised in [12]. The agreement with data for light
and single strange hadrons to experimental data is sur-
prisingly good for different energies [13]. However, for the
few GeV energy regime discussed here discrepancies ap-
peared in the comparison to data for the Ξ baryon and
the φ meson, where much higher yields were observed
than expected [9]. There are several attempts to explain
these high production yields [14–16].
In this work, the particle production is predicted for
silver-silver (AgAg) collisions at EKin = 1.58A GeV,
which have been recently measured by the HADES col-
laboration. This is a new collision system with inter-
mediate size at a slightly higher energy than the pre-
viously taken AuAu data at EKin = 1.23A GeV. The
hadronic transport approach SMASH [7] is employed to
assess the expectations within a dense hadronic system,
where the resonances follow vacuum Breit-Wigner spec-
tral functions. In Section II the approach is described in
more detail. Especially the production of Ξ baryons from
high mass resonances, similar in spirit to the work in [16],
is explained. The predictions are based on a constraint
of the decay probabilities from experimental data from
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2elementary reactions, which is verified by comparisons to
existing experimental data for ArKCl collisions. Com-
parison of those predictions with the upcoming data will
allow to further constrain the viability of the Ξ produc-
tion from high mass resonances. A similar mechanism has
already been succesfully employed for the φ production
in SMASH [17]. Section III contains the predictions for
particle multiplicities, rapidity and transverse momen-
tum spectra of strange and non-strange particles. The
system size dependence for strange particle production is
explored. Estimates of the kinetic freeze-out temperature
from the slopes of the transverse mass distributions are
extracted. Additionally, the high quality dilepton mea-
surement might allow to probe the temperature of the
thermal medium by accessing the spectrum at invariant
masses beyond the φ peak. Therefore, the different lep-
ton pair contributions for this region are investigated.
II. MODEL DESCRIPTION
The approach employed for the following results is a
hadronic transport approach, SMASH [7] in the version
1.6 [18]. It is based on the relativistic Boltzmann equa-
tion. The collision term for the few GeV energy regime
is modeled by binary hadron scatterings and excitation
and decay of resonances. Those scatterings are governed
by a geometric collision criterion. The restriction to bi-
nary scatterings guarantees detailed balance. Resonance
properties are chosen according to their vacuum prop-
erties and adjusted to fit elementary cross-sections for
several reactions. The partial width is treated as sug-
gested by Manley and Saleski in [19] (with different pa-
rameters). No explicit in-medium modifications are in-
corporated besides the dynamically generated collisional
broadening. The elementary cross sections serve as the
main input for the approach and are constrained with
experimental data, where possible. Isospin symmetry is
assumed. The included degrees of freedom are hadrons
and well-established hadronic resonances with a mass up
to 2.3 GeV, which are mostly based on the particle list-
ing provided by the PDG [20]. For an updated list of the
degrees of freedom see [17] and for a more comprehensive
description of the approach see [7].
In addition to the hadronic degrees of freedom,
SMASH includes the emission of photons [21] and
dileptons [22] perturbatively. Dileptons are pro-
duced either by direct or Dalitz decay of resonances
(ρ, ω, φ, pi, η, η′,∆). Within SMASH, dilepton as well as
hadron production has been extensively studied in the
SIS energy regime (EKin = 1−3A GeV) to study elemen-
tary, nucleon-nucleus and nucleus-nucleus systems with
various sizes with good agreements with experimental
data [7]. In particular relevant for the following are the
studies of strangeness and dilepton production [17, 22].
Also employed in this work is a coarse-graining ap-
proach for thermal dilepton emission [23], where macro-
scopic quantities are extracted locally from the micro-
scopic transport approach. This is achieved by splitting
the microscopic evolution of the system in space-time
cells and averaging over many events. The extracted
quantities from those cells are baryon (ρB) and energy ()
densities. Employing an appropriate equation of state,
the temperature T and the baryon chemical potential µB
are extracted. Dileptons are then emitted thermally from
the cells utilizing rates based on medium modified spec-
tral functions [24, 25]. The final result for the dilepton
production is a combination from the emission from the
microscopic transport and the thermal emission from the
coarse-graining approach that is only applied for (”hot”)
cells where medium modifications are expected to play a
role. For a general introduction into the employed coarse-
graining approch the reader is referred to [23] and for a
more detailed introduction of its application in the con-
text of the SMASH transport approach to [22].
A. Ξ production
Production of Ξ baryons is famously underpredicted
by theoretical approaches [10]. SMASH without an ex-
tension is no exception as can be seen in Table I and
II (results for SMASH-1.6). In SMASH, the Ξ is pro-
duced by the decay of heavy hyperon resonances like the
Σ(2030), Λ(2100) or resonances of the Ξ itself. They are
formed either by nucleon-kaon or hyperon-meson scat-
terings making the production of Ξ rare, since these are
secondary scatterings with partners that are often not
abundant during a collision. In addition, the decaying
resonances are heavy and the branching ratios for decays
involving the Ξ are small, which explains the underpre-
diction for the Ξ multiplicity.
Therefore, we follow the idea from [16] and extend the
approach by adding new decay channels for heavy N∗
resonances, namely N∗ → ΞKK, in this work. Compar-
ing the Ξ multiplicity obtained with this mechanism with
the upcoming experimental data will show if these decays
are a potential source of the seen Ξ excess. This idea was
already applied successfully for the φ meson (N∗ → Nφ)
in [17, 22].
However, the resonance treatment employed ([7], sec.
II.C.3) prevents adding any decays for which the com-
bined pole mass of the final state particles is larger than
the pole mass from the decaying resonance, although such
a decay would be strictly physical speaking possible (see
[17], sec. II.A for a more detailed explanation). This re-
stricts the addition of the new decay channel to the heavi-
est N∗ resonances. The decay channel is added to the two
heaviest resonances (N(2220), N(2250)) and their pole
mass is shifted slightly upwards (N(2220) → N(2350),
N(2250)→ N(2400)), which is possible due their relative
large width (Γ ≥ 400 MeV) and experimental uncertain-
ties for the pole masses (on the order of 100 MeV).
The branching ratio for new N∗ → ΞKK is now con-
strained with the experimental data from pNb reactions,
which is the most elementary data available. We find
3N(Ξ−) pNb ArKCl
SMASH-1.6 ≈ 0.0 6.25× 10−7
Ξ− from N∗ 2.04× 10−4 1.95× 10−4
HADES (2.0± 0.4± 0.3)× 10−4 (2.3± 0.9)× 10−4
TABLE I. Ξ− yields in pNb (EKin = 3.5 GeV) and ArKCl
(EKin = 1.76A GeV) collisions compared to HADES results
from [10, 26].
Ξ−/(Λ + Σ0) pNb ArKCl
SMASH-1.6 ≈ 0.0 1.1× 10−5
Ξ− from N∗ 1.5× 10−2 4.5× 10−3
HADES (1.2± 0.3± 0.4)× 10−2 (5.6± 1.2±1.81.7)× 10−3
TABLE II. Ξ−/(Λ + Σ0) ratios in pNb (EKin = 3.5 GeV) and
ArKCl (EKin = 1.76A GeV) collisions compared to HADES
results from [10, 26].
BR(N∗ → ΞKK) = 0.5. The results for pNb before and
after addition of the Ξ production from heavy N∗ decays
is shown in Table I. Before, although theoretical possi-
ble, no Ξ production (for the given number of calculated
reactions) is observed due to the lack of many secondary
reactions in the small pNb system. After the addition,
with the tuned BR(N∗ → ΞKK) of 0.5 the experimen-
tal data from HADES [26] can be matched. The same is
true for the Ξ−/(Λ + Σ0) ratio as seen in Table II.
Compared to [16] a larger branching ratio is reported
here, since the decay is included for less and heavier res-
onances. A similar observation was made for the branch-
ings of N∗ decays into φ in [17, 22]. Interestingly, if one
calculates the ratio of the two branching ratios of φ and Ξ,
BR(N∗ → φN)/(BR(N∗ → ΞKK) = 0.02, the relation
exactly matches for the two branching ratios reported in
[16]. (Note that BR(N∗ → φN) is updated to 0.01 in
comparison to [17, 22] to account for new experimental
constraints e.g. by the updated PDG [20].)
Next, the Ξ production is compared to available ex-
perimental data for a larger system to verify the newly
introduced treatment. Tables I and II show that the Ξ
production in ArKCl is also matched well within the er-
rors. In the following, the calculations with the adjusted
branching ratios are dubbed ”modified branching ratios’,
otherwise all calculations are performed within the de-
fault SMASH settings. On this basis, predictions for the
Ξ production for AgAg collisions are presented below (in
section III A).
III. RESULTS
In the following, the predictions from SMASH-1.6 are
shown for several hadronic and electromagnetic observ-
ables. For the relevant observables, the effect of the ad-
ditional N∗ decay channels for the Ξ production is dis-
cussed.
pi − pi0 pi + p K + K− η Ξ−(Λ+Σ0) φ
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FIG. 1. Results for the particle production yields for AgAg
collisions at EKin = 1.58A GeV at 0-10% centrality from
SMASH-1.6 (stars) compared to the modified branching ra-
tios for high mass resonances (circles).
A. Multiplicities
Let us start with the overall total multiplicities. Pre-
dictions for the particle yields in AgAg collisions at
EKin = 1.58A GeV in the 0 − 10% centrality class are
depicted in Fig. 1. Here, the results from SMASH-1.6
(stars) are confronted with the yields resulting from the
version including additional N∗ → ΞKK resonance de-
cays (circles).
Clearly, mostly protons and pions are produced while
there is a hierarchy in the production of the latter with
a charged pion ratio pi+/pi− < 1 according to the isospin
imbalance in AgAg collisions. All strange particles show
a significantly lower production rate due to their higher
masses and the fact that strange quarks need to be newly
produced.
AgAg N(Ξ−) Ξ−/(Λ + Σ0)
SMASH-1.6 8.50× 10−6 2.71× 10−5
Ξ− from N∗ 1.78× 10−3 5.63× 10−3
TABLE III. Predictions for Ξ− yield and Ξ−/(Λ + Σ0) ratio
in AgAg collisions.
The addition of the resonances decaying into Ξ−-
baryons only influences the Ξ− yield itself signifi-
cantly. The predicted values for average multiplicity and
Ξ−/(Λ + Σ0) ratios are also explicitly given for future
reference in Table III. The φ meson yield is slightly low-
ered, since the addition of a new decay channel lowers
the weight of the existing channels. The effect is for-
tunately small, since the Ξ− is merely produced once
in 1000 collisions while the production rates of the other
particles are significantly higher. Although the change in
all other particle yields is small, we stick to SMASH-1.6
without additional decays of heavy nucleon resonances
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FIG. 2. Ratio of particle yields with (on) and without poten-
tials (off) in AgAg collisions at EKin = 1.58A GeV.
into Ξ baryons in the following, unless explicitly stated
otherwise.
At the collision energy of a few GeV per nucleon, it
is important to think about the definition of participants
and spectators since they mix in phase-space and no easy
separation by kinematic cuts is possible. We present
the influence of different selection cuts in Appendix A.
Only protons that interact either elastically or inelasti-
cally are included in Fig. 1 and with this all spectators
are cut out. Furthermore, the collisions have been di-
vided into centrality classes according to their impact
parameter, following the results of MC Glauber calcula-
tions presented in [27]. The centraility classes, their re-
spective impact parameters and numbers of participants
for AuAu, AgAg, ArKCl and CC collisions are summa-
rized in Appendix B.
When nucleons surpass a critical distance in phase
space, they may form bound states and produce clus-
ters. These clustering effects are not considered here.
Approaches to include these effects are usually based on
effectively fine tuning the critical phase space parameters
to pre-existing experimental data which we refrain from
doing here, since the experimental data is not available
yet.
To understand the effects of nuclear mean fields the ra-
tio of the SMASH results with and without potentials in
central AgAg collisions at EKin = 1.58A GeV has been
calculated in Fig. 2 for all particle species (except the
Ξ baryon). In the current calculation, a simple density
dependent Skyrme potential has been included with pa-
rameters corresponding to a compressibility of κ = 240
MeV [28]. While the proton yields are enhanced all other
species are suppressed, when mean field interactions are
taken into account. The effect on pions and η mesons is
smaller as expected. Overall the multiplicities can change
between 5-25 %, when mean fields are taken into account.
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FIG. 3. Rapidity distributions of K±, Λ, φ and η at 0-10%
centrality (top) and of protons in different centrality classes
(bottom) in AgAg collisions at EKin = 1.58A GeV.
B. Rapidity Spectra
Let us turn next to more differential distributions of
particle production. The rapidity spectra contain infor-
mation on the longitudinal dynamics of particle produc-
tion and Fig. 3 (top) shows the ones for pions, kaons, η
and φ mesons as well as Λ baryons in central collisions.
All strange particles have been scaled up by factors of
20 or 200 to be visible and distinguishable. The pro-
duction hierarchy already observed in the multiplicities
in Fig. 1 is nicely reproduced. As expected, the pions
have the largest yields, where again the isospin asym-
metry matches the one of the collision system, the pi−
production visibly outweighs the pi+ yields.
All newly produced particles follow a Gaussian shape
as a function of rapidity as expected. The drastic differ-
ence between the K+ and K− yields comes from the fact
that the u¯ quark needed for the K−-meson is not already
present in the initial state. The rapidity distributions for
protons in four centrality classes between 0% and 40% in
AgAg collisions at EKin = 1.58A GeV are summarised in
Fig. 3 (bottom). The yields decrease with increasing cen-
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FIG. 4. Mean transverse masses 〈mT 〉 as a function of the
mass m0 for each particle produced in AgAg collisions at
EKin = 1.58A GeV. The stars depict SMASH-1.6 results while
the circles correspond to the version with modified branching
ratios.
trality classes and a drop around the mid-rapidity region
becomes more pronounced. From these rapidity distribu-
tions, we conclude that our selection of participants and
the general dynamics in central, mid-central and periph-
eral collisions works as expected within SMASH-1.6.
C. Transverse Mass Spectra
To investigate the collective radial flow and the trans-
verse expansion dynamics, we investigate the mean trans-
verse mass as a function of particle mass in Fig. 4.
Both results from SMASH-1.6 and including the addi-
tionalN∗ → ΞKK decays are shown. While the modified
Ξ− production channels do not interfere with the mean
transverse masses of other particles, they do influence the
one of the Ξ− baryon itself. Yet, the modified value still
lies within one standard deviation of the SMASH-1.6 re-
sult. In general, it is interesting that an almost linear
scaling as a function of mass is observed, which indicates
significant collective behaviour.
Fig. 5 depicts the transverse mass spectra of posi-
tively charged pions for several rapidity bins as an exam-
ple case. The detailed spectra for all other species are
shown in Appendix C, while we choose to discuss more
inclusive information on effective temperatures extracted
from those spectra in the following. A Boltzmann fit of
the form
1
m2T
d2N
dmT dy
= C(y) exp
(
−mT −m0
TB(y)
)
(1)
with the rapidity dependent inverse slope parameter
TB(y) and a likewise rapidity dependent normalization
constant C(y) is applied for all particle species and the
extracted slope parameters as a function of rapidity are
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FIG. 5. Mean transverse mass distribution of the pi+ meson
in AgAg collisions at EKin = 1.58A GeV.
shown in Fig. 6. The error bands in Fig. 5 include the
statistical errors only. At high transverse mass the errors
increase significantly and the spectra have been cut when
the uncertainties become as large as the calculated value
itself. Hence, the fitting region varies strongly depend-
ing on both the rapidity bin itself and also the particle
species.
Under the assumption of a thermal source the inverse
slope parameter TB is connected to the effective temper-
ature Teff , defined as
TB =
Teff
cosh(y)
. (2)
By fitting the inverse slope parameters TB in Fig. 6 ac-
cording to equation 2 the effective temperatures Teff in
Table IV are obtained. In Fig. 6 the extracted inverse
slope parameters TB as a function of rapidity y for vari-
ous particle species in central collisions are presented.
The transverse mass distribution cannot be fitted with
a single exponential. In order to obtain TB , we define an
upper and lower region of the distributions in which two
independent exponential fits according to (1) are applied,
and calculate the mean of these two values. Since the
spectra are cut when the statistical uncertainties reach
100%, we define the maximum value of each spectrum as
the last bin with sufficient statistics. For all particles ex-
cept the K− meson the upper region was chosen between
0.4 GeV and 60% of the maximum value and the lower re-
gion between 0.2 GeV and 35% of the maximum value for
each rapidity bin. For the pi+, for example, the fit in the
rapidity bin [0.58,0.81] is performed in the ranges [0.2
GeV,0.641 GeV] and [0.4 GeV,1.036 GeV]. Due to the
large statistical uncertainties the K− meson was fitted
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FIG. 6. Inverse slope parameter T (y) as a function of rapidity
y for protons and pions (top) and strange particles (bottom)
AgAg collisions at EKin = 1.58A GeV
individually in the ranges [0.19 GeV,2.2 GeV]and [0.25
GeV,0.35 GeV].
All results show the expected rapidity dependence with
higher inverse slopes, harder spectra, at mid-rapidity and
steeper spectra at forward and backward rapidities re-
flecting the kinematically available momenta. In addi-
tion, the values for the slopes for all particle species are
very similar and in the expected range of 90-110 MeV.
D. System Size Dependence
To study the effects of system size and put our results
into context, the AgAg results are confronted with re-
sults from the smaller collisions systems CC and ArKCl,
and the much larger system AuAu, all of which have
previously been studied as part of the HADES exper-
imental program at lower beam energies of 1.00-1.23A
GeV. Since only the size of the colliding nuclei is of in-
terest and any other energy related effects must be ex-
cluded, all collisions are calculated using the same energy
of EKin = 1.58A GeV in SMASH.
In [8], Adamczewski-Musch et al. show that in AuAu
collisions at EKin = 1.23A GeV the strange particles Λ,
K±,0 and φ scale with the same constant α when the
multiplicities N are plotted as a function of the number
of participants Npart and normalized by Npart. If the only
difference between the different collision systems would
be their geometrical size, there would be a constant be-
haviour expected, since the system size scales with the
number of participants. In [8] the HADES collaboration
quotes that α describes the extra energy for particle pro-
duction provided by the system.
We investigate here the behaviour of Λ, K± and φ in
four different collision systems CC (stars), ArKCl (dia-
monds), AgAg (squares) and AuAu (circles) at EKin =
1.58A GeV. The multiplicities from each corresponding
centrality class are plotted against the number of partic-
ipants and the results are fitted according to
N
Npart
= C · (Npart)α = C · eα·ln(Npart)
⇔ ln
(
N
Npart
)
= ln(C) + α · ln(Npart) (3)
as shown by the lines in Fig. 7. The impact parame-
ters and numbers of participants for each centrality class
are determined using Glauber calculations provided by
D. Miskowiec in [27] and can be found in Table V in the
Appendix B. The K+ meson and Λ baryon scale, in fact,
with similar values of αK+ = 0.55 and αΛ = 0.53 with a
difference of only 4%. The φ meson scales with αφ = 0.71
and the K− with αK− = 0.81, which show a larger de-
viation, but not more than 35%. The findings are not in
agreement with the results in [8] of α = 1.45 ± 0.06 for
various reasons. The collisions have been performed at a
higher beam energy which leads to a higher disposition of
energy within the systems. Another relevant difference to
the experimental data from [8] originates from the deter-
mination of the participants and their assignment to cen-
trality classes which retrospectively affect the slope and
consequently the α factors. Here, the impact parameters
provided in [27] are used as input for SMASH calulations.
This does not necessarily yield the same number of par-
ticipating nucleons predicted by [27]. A closer investiga-
tion of the centrality classification within the transport
approach might be useful for a better comparison.
E. Dileptons
The study of dilepton production complements the
hadronic observables. The comparison between differ-
ent collision systems allows to assess the magnitude of
medium effects. Fig. 8 shows the invariant mass spectrum
for dielectrons produced in AgAg collisions for a kinetic
energy of 1.58A GeV. The different channels contribut-
ing to the spectrum are displayed as well with dominant
contributions from the pi0 decay for low masses and the
7pi− pi0 pi+ p K+ K− η Λ
Teff(y) [MeV] 98.0 97.5 98.1 114.2 97.4 93.9 101.4 105.0
TABLE IV. Effective temperatures Teff for various particles in AgAg collisions at 1.58A GeV for 0-10% centrality.
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FIG. 7. Multiplicities per number of participants N/Npart as
a function of Npart. Each hadron yield is fitted individually
with a function N ∝ (Npart)α.
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FIG. 8. Invariant mass spectrum of dielectrons produced by
AgAg collisions at EKin = 1.58AGeV.
vector meson decays (ρ, ω and φ) around their respective
pole masses.
Also shown in Fig. 8 is the yield of the other large
collison system studied by HADES, which is AuAu at
EKin = 1.23AGeV. The total yield of the larger sys-
tem AuAu and lower energy is strikingly similar. Only
a slightly higher yield is observed for smaller masses, the
higher beam energy of AgAg seems to overall compen-
sate for the smaller system concerning the dilepton pro-
duction.
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by AgAg collisions at EKin = 1.58AGeV.
Of special interest in the invariant mass spectrum is
the yield above the φ peak, which offers insights into
the temperature of the medium and might become ex-
perimentally accessible for the first time with the up-
coming high-statistics data for AgAg at these low ener-
gies. Therefore, it is important to understand all dilepton
emitting sources in this region of the spectrum.
As seen in Fig. 8, the dilepton production observed
with SMASH above the φ peak is dominated by the ρ
contribution. Fig. 9 therefore shows the different pro-
cesses from which the ρ yield originates in the mass region
above and around the φ pole mass. The ρ that decays
into the electron pair is either produced by the decay of
baryonic resonances into ρN or by pi annihilation. Ob-
served is a dominance of the pi annihilations especially in
the mass region above the φ peak. Sub-leading contri-
butions to the ρ tail are found for different ∆∗ and N∗
decays, most prominent here is the ∆∗(1700).
Improved experimental data at the φ peak will also be
valuable to further constrain the φ production. Previous
studies [17, 22] show that the φ contribution in dielectron
invariant mass spectrum is able to aid constraining the
branching ratio for various N∗ → Nφ decays, which is
the main production mechanism for φ mesons in SMASH.
To assess the influence of medium modified spectral
functions a coarse-graining approach is applied [22, 23].
The evolution of macroscopic quantities in the central
cell in AgAg collisions is shown in Fig. 10 and compared
with AuAu and ArKCl reactions (at the beam energies
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−3 (upper plot), temperature T and baryochemi-
cal potential µB (lower plot) in the most central cell over time
for ArKCl collisions at EKin = 1.76AGeV, AgAg collisions at
EKin = 1.58AGeV and AuAu collisions at EKin = 1.23AGeV.
All results for SMASH-1.6.
for which experimental data is currently available). The
upper plot shows the evolution of the baryon and en-
ergy density, the lower one those extracted temperature
and baryon chemical potential. The figure nicely illus-
trates the differences in the evolution of the system at
the center of the collision: ArKCl as the smallest system
only builds up a smaller density than the larger systems.
AgAg builds up the density quicker, since the beam en-
ergy is higher, but also falls off faster than AuAu. Both
systems, however, again behave similar in terms of max-
imum density that they reach. AuAu as the largest sys-
tem maintains large densities the longest. The differences
in density mainly translate into differences in the decline
of T and µB over time, which shows a clear ordering with
the system size.
The coarse-graining results for the dilepton production
in AgAg reactions with EKin = 1.58AGeV are seen in
Fig. 11. For the contributions of pi, η and φ there is no
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FIG. 11. Invariant mass spectrum of dielectrons produced
by AgAg collisions at EKin = 1.58AGeV within the coarse-
graining approach. Dashed lines from coarse graining and
solid lines from SMASH dilepton production (as in Fig. 8).
effect of the medium on the spectral functions and their
contributions are taken from the SMASH transport ap-
proach (same as in Fig. 8). The coarse-graining contribu-
tions for the ρ and ω include the thermal emissions with
medium modifications as well as the so called freeze-out
contributions from space-time regions of the evolution
with a low energy density where medium modifications
play a negligible role. Also part of the coarse-graining
yields is the multi-pi yield originating from broad multi-pi
states [29]. Fig. 11 reveals that the multi-pi yield becomes
dominant beyond the φ peak. This essentially is the same
finding as above, where the (two-pi) ρ state is the largest
contribution (cf. Fig. 9): the region above the φ pole
mass is dominated by pi annihilation reactions.
If the total dilepton production from the transport ap-
proach alone (non-CG in Fig. 11) is compared to coarse-
graining yield, a clear difference is seen. The yield is
shifted away from the vector meson peaks. This finding
confirms the previously found results for the other large
systems ArKCl and AuAu in [22], which showed that, for
larger systems, the dilepton production is sensitive to the
inclusion of medium modifications to the vector mesons
spectral function already at low beam energies.
In fact, comparing the total contributions from the
coarse-graining approach for AuAu in Fig. 11 to AgAg
reveals again (compare Fig. 8) that both systems emit
dileptons similarly. However, the AuAu spectrum shows
a small, but consistent higher emission in the ρ dom-
inated region between 0.15 and 0.6 GeV compared to
AgAg, which grows towards smaller invariant masses.
This hints at even larger medium effects in the larger
(AuAu) system.
9IV. SUMMARY AND OUTLOOK
In this work, the particle production of hadrons and
dileptons in AgAg collisions at a kinetic energy of 1.58A
GeV within the SMASH transport approach has been
presented allowing for many interesting comparisons to
the upcoming experimental data. In addition to the
more basic predictions for the multiplicities, rapidity and
transverse momentum spectra, special emphasis is put
on the study of the production of strange particles. The
strange particle mulitplicities exhibit the previously dis-
covered Npart-scaling with system size also for the AgAg
system, although with a different exponent than reported
by the HADES collaboration. Otherwise, the longitudi-
nal and transverse spectra as well as the multiplicities
show the expected behavior and confirm an overall rea-
sonable description of the dynamics. The effective tem-
peratures extracted from transverse mass spectra are on
the order of 90− 110 MeV.
The approach to produce Ξ baryons from heavy N∗
resonance decays is able to describe the existing data
from HADES with only one free parameter. A branching
ratio of 0.5 for the N∗ → ΞKK decays is found to lead to
an agreement with the experiment for the Ξ mulitplicity
and the Ξ−/(Λ + Σ0) ratio in pNb as well as ArKCl. In-
terestingly, the relation between the N∗ decay branching
ratios into φ and Ξ is the same as found in previously
studies with other approaches, even though absolutely
they are both higher. The comparison of the predictions
in this work with future data for AgAg collisions will
therefore be able to give further insights into the origin
of the φ and Ξ production mechanism.
The dielectron production is found to be overall very
similar to the previously studied AuAu system suggesting
that the dilepton production behaves the same for smaller
systems with higher energies compared to larger systems
but with lower beam energy. The main source for the
dilepton emission for invariant masses higher than the φ
pole mass, is the ρ contribution, which originates from
(two) pi annihilations. Decays of baryonic resonances are
only sub-leading. Employing a coarse-graining approach,
this finding is confirmed by also identifying the multi-
pi contribution as dominant beyond the φ peak. The
employed coarse-graining approach furthermore allows to
gauge that the invariant mass spectrum is sensitive to
medium modifications of the spectral function of ρ and
ω. This confirms previous results for ArKCl and AuAu,
which also showed that medium modifications for larger
systems are already relevant at the discussed low beam
energies.
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Appendix A: Definition of Spectators
The definition of participating nucleons and spectators
is crucial for the understanding and analysis of heavy-ion
collisions since it is directly connected to the concept of
centrality and the collision geometry. Here, four different
ways of defining participants in SMASH are introduced.
The results of the different cutting criteria are shown in
the rapidity distributions in Fig. 12 in AgAg collisions
at EKin = 1.58A GeV.
One way to eliminate spectators is by using the ID
number (red, dashed line) that is assigned to every parti-
cle in ascending order when they are initialized (starting
with 0). In this case, only nucleons that interact inelas-
tically are defined as participants, and all other nucleons
with ID<2A present in the final state are considered spec-
tators. For the pz criterion (orange, dashed line) nucleons
with pz within the range of initial momenta in z-direction
are defined as spectators and are cut. In a similar fash-
ions, the pT cut (green, dashed line) eliminates nucleons
with pT within the range of initial transverse momentum.
Lastly, the Ncoll+ID cut is introduced (blue, dotted line).
It modifies the ID cut by also classifying elastically scat-
tered nucleons as participants which is characterized by
Ncoll > 0. In this work, the Ncoll+ID cut is used for all
spectra.
Appendix B: Definition of Centrality Classes
As shown in Table V, the centrality classes in this work
are mapped onto certain impact parameter ranges and
numbers of participants using MC Glauber calculations
provided by [27] for AuAu, AgAg, ArKCl and CC colli-
sions at EKin = 1.58A GeV.
Appendix C: Transverse Mass Spectra
The transverse mass distributions of the pi0, pi−, η and
p are depicted in Fig. 13 and the ones of the K−, K+
and Λ are depicted in Fig. 14 for several rapidity bins.
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AuAu
C b [fm] Npart
0-10% 0.0-4.7 307.4
10-20% 4.7-6.6 210
20-30% 6.6-8.1 148.6
30-40% 8.1-9.3 97.9
AgAg
C b [fm] Npart
0-10% 0.0-3.8 168.1
10-20% 3.8-5.4 112
20-30% 5.4-6.7 75.8
30-40% 6.7-7.7 53.4
ArKCl
C b [fm] Npart
0-10% 0.0-2.7 53.8
10-20% 2.7-3.8 39.9
20-30% 3.8-4.7 25
30-40% 4.7-5.4 18.4
CC
C b [fm] Npart
0-10% 0.0-1.7 13.1
10-20% 1.7-2.4 11.5
20-30% 2.4-3.0 7.8
30-40% 3.0-3.4 5.7
TABLE V. Centrality Classes C with corresponding impact parameter b and number of participants Npart at EKin = 1.58A
GeV. These values result from Glauber calculations performed with [27].
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FIG. 13. Mean transverse mass distribution of the pi0, pi−, η and p in AgAg collisions at EKin = 1.58A GeV.
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FIG. 14. Mean transverse mass distribution of K−, K+ and Λ in AgAg collisions at EKin = 1.58A GeV.
